Abstract A large-scale pilot distribution study was conducted to investigate the impacts of blending different source waters on distribution water qualities, with an emphasis on metal release (i.e. corrosion). The principal source waters investigated were conventionally treated ground water (G1), surface water processed by enhanced treatment (S1), and desalted seawater by reverse osmosis membranes (RO). Due to the nature of raw water quality and associated treatment processes, G1 water had high alkalinity, while S1 and RO sources were characterized as high sulfate and high chloride waters, respectively. The blending ratio of different treated waters determined the quality of finished waters. Iron release from aged cast iron pipes increased significantly when exposed to RO and SI waters: that is, the greater iron release was experienced with alkalinity reduced below the background of G1 water. Copper release to drinking water, however, increased with increasing alkalinity and decreasing pH. Lead release, on the other hand, increased with increasing chloride and decreasing sulfate. The effect of pH and alkalinity on lead release was not clearly observed from pilot blending study. The flat and compact corrosion scales observed for lead surface exposed to S1 water may be attributable to lead concentration less than that of RO water blends.
Introduction
In recent years, the use of alternative source waters such as desalted seawater has become a common practice in many water utilities in the world since traditional fresh resources are limited (Hong and Elimelech, 1997) . For instance, Tampa Bay Water (TBW) in Florida, USA, plans to utilize more surface and saline waters for their drinking water sources because of the depletion of historic groundwater (Dietz et al., 2002) . The use of different treated waters, however, creates blending problems in the distribution system, which results in significant variations of distribution water quality (Price and Jefferson, 1997) . The disruption of existing inorganic films on pipe surfaces are of great concern when exposed to different blended waters, which can lead to release of corrosion products to drinking water (AWWA Research, 1996; Hem et al., 2001) . Currently, no systematic study has been conducted to investigate the impact of source water blending on the distribution water qualities and pipe corrosion (Schock, 1989; Boffardi, 1995; Edwards et al., 1996; McNeill and Edwards, 2001; Pehkonen et al., 2001) .
A large-scale pilot distribution study was conducted to investigate the effect of distribution water quality changes caused by blending different source waters on metal release (i.e. iron, copper, and lead) to drinking water. In this study, finished ground, surface, and saline waters, were blended in varying ratios before distributing to pilot distribution systems. Four aged pipe materials obtained from the TBW distribution systems were investigated, namely unlined cast iron, galvanized steel, lined cast iron and PVC. A variety of water quality parameters were monitored for 12 months and correlated to metal release observed in the distribution systems. 
Experimental methods

Source waters
This study focused on three principal sources: G1, S1, and RO. The G1 source is conventionally treated groundwater (i.e. aeration) that the TBW distribution systems had received for decades. The S1 represents enhanced surface water treatment consisting of ferric sulfate coagulation, flocculation, settling, filtration, disinfection by ozonation, biologically activated carbon filtration. The RO source simulates desalted seawater by reverse osmosis membrane processes. Table 1 summarizes the average water quality of three different sources, which were monitored for one year (12/15/01 to 12/14/02). As shown in Table 1 , the G1 water has the highest alkalinity, while S1 and RO sources exhibited the highest sulfate and chloride, respectively. The high sulfate concentrations of S1 waters came from ferric sulfate coagulation. The high levels of chloride in RO water resulted from the addition of inorganic sea salt to match the finished water specifications established for the desalination plant in Tampa, Florida.
Pilot pipe distribution systems
Pilot pipe distribution systems (PDS) were constructed with aged pipe materials to simulate water quality effects that could happen in actual distribution system. These pipe materials were provided by the TBW member governments and had historically received a treated groundwater. Four different pipe materials were used, namely PVC, lined iron, unlined cast iron, and galvanized steel.
Eighteen pilot distribution lines were constructed, including fourteen hybrid lines that consisted of all four materials, and four pure lines made of single pipe material. The nominal length of each line is approximately 100 feet. Pipe diameters are six inches with the exception of galvanized that is two inches. These pipe lines received different water qualities created by blending different finished waters. To consider the seasonal effect, the pilot study lasted twelve months, which consisted of four phases (three months for each phase).
The pilot systems were operated to achieve a five-day hydraulic residence time. In order to mimic the hydraulic conditions in a full-scale system, a weekly purge was imposed with a velocity of 1 ft/sec for a sufficient duration to pass five pipe volumes of water. This velocity was selected to limit accumulation of films on the pipe interior. Feed and effluent samples were monitored for a large number of parameters including pH, alkalinity, temperature, chloride, sulfate, calcium, magnesium, sodium, silica, dissolved oxygen, and chlorine residuals.
Corrosion loops
A copper and lead corrosion loop was installed at the end of each pilot distribution system to simulate kitchen tap monitoring for LC (lead and copper) Rule compliance. The corrosion loop consisted of 30 feet copper tubing with a diameter 1.6 cm (5/8 inch), which can give a volume of water about 1.8 L. One pure lead coupon was placed within the copper tubing between two standard copper tube fittings (brass) for each loop system. All other fittings and materials were PVC or other plastic polymers. The coupons had 
UV-254 a surface area of 3.38 square inches (dimension of 3 £ 0.5 £ 0.08 inches). Assuming a 1/8 inch bead on the inside of each 0.5 inch diameter joint as the surface area exposed to water using solder, the coupon surface area should be equivalent to 17 joint-ends or 7 to 8 fittings which could be reasonable for a kitchen sink.
To simulate water delivered to customers, the corrosion loop units received water after it passed through the associated pipe distribution system. The corrosion loops were flushed with 2 gallons of water every morning. 1 L sample was collected after 6 hours stagnation in the afternoon. The 1 L sample was shaken to mix completely and then 125 ml was used for metal measurements. Using nitric acid, water sample was acidified to pH , 2, then total lead concentration was measured using atomic absorption spectroscopy. Various water quality parameters were also monitored including pH, alkalinity, chloride, sulfate, silicate, calcium, sodium, dissolved oxygen, and so on.
Corrosion scale analysis
In this study, XRD and XPS analyses were performed for characterization of pipe corrosion scales. The XRD analysis was carried out on powder. The equipment used consisted in a 3720 X-ray diffractometer with a fine structure air-insulated X-ray tube with a copper anode (Cu Ka1 5406 Å ). Full X-ray diffraction patterns were recorded for the scan angles (2u) from 108 to 808 to identify iron oxides. For XPS analysis, small samples of 4 £ 4 mm were cut from pipe coupons and stored in the desiccators to remove any adsorbed moisture. The XPS scan was performed using a 5400 PHI ESCA.
Results and discussion
Iron release
A pilot pipe distribution study conducted over one year under various blended waters (i.e. blends of ground, surface and saline waters) showed that iron release from aged pipes varied with blended water qualities as well as aged pipe materials. The pilot observations showed that aged pipe materials played an important role in iron release: as shown in Figure 1 , total iron levels increased with a trend of unlined cast iron . galvanized steel @ lined iron . PVC, demonstrating the importance of pipe surface characteristics on iron release. The primary corrosion products on aged cast iron pipes were identified by XRD to be FeCO 3 , b-FeOOH, a-FeOOH, g-Fe 2 O 3 , and Fe 3 O 4 . In addition, it was observed that total iron concentration increased significantly when Figure 1 Effect of pipe materials on total iron release aged cast iron pipes were exposed to water conditions that are different from historical groundwater source (G1), such as treated surface water (S1) and desalinated seawater (RO). Representative results of one-year pilot study are presented in Figure 2 . The results indicate that elevated alkalinity concentrations were associated with reduced release of iron corrosion products (Figure 3 ). The impact of pH was not clearly observed because of the narrow range of feed pH values investigated.
Copper release
Unlike iron release, higher copper concentrations were observed for G1 water, while RO water showed the lowest copper release to water. The results obtained from one year of corrosion loop study are presented in Figure 4 . This blending study clearly demonstrated that copper release was enhanced with increasing alkalinity and decreasing pH ( Figure 5 ). Both linear and nonlinear regression analysis based on experimental data also indicated that pH and alkalinity are the most significant factors affecting copper release. The surface analysis by XPS and/or XRD showed that Cu 2 O, CuO and Cu(OH) 2 are the primary corrosion products formed under various source water blends.
Lead release
One-year pilot corrosion loop study demonstrated that lead release to drinking water increased with increasing chloride and decreasing sulfate (Figure 6 ). The effect of pH Figure 2 Iron release of pipe distribution systems receiving three principal source waters Figure 3 Effect of alkalinity on total iron release (Note: apparent color is correlated to total iron concentration) and alkalinity, however, was not clearly shown in this study. Silicate and calcium showed inhibitory effects on lead release to certain degrees, although it might be due to confounding correlations among water quality parameters. The SEM pictures shown in Figure 7 provided some evidences that sulfate and/or chloride affected the surface structure of corrosion scales and consequently influenced lead release to water. The flat and compact corrosion scales were observed for lead surface exposed to S1 water, while rough and needlelike structures were found on the lead surface incubated under RO water. The flat and compact scales may prevent corroding lead, while lead particulates can get easily released from rough surfaces. The lead corrosion scales were identified to PbO, PbO 2 , PbCO 3 , and Pb 3 (OH) 2 (CO 3 ) 2 .
Conclusions
Primary inferences from this study are summarized as follows † The principal source waters investigated were conventionally treated ground water (G1), surface water processed by enhanced treatment (S1), and desalted seawater by reverse osmosis membranes (RO). Due to the nature of raw water quality and associated treatment processes, these waters were characterized as high alkalinity (G1), high sulfate (S1) and high chloride (RO) waters, respectively. The quality of blended waters varied conservatively according to blending ratios of three principal source waters. Figure 4 Copper release of pipe distribution systems receiving three principal source waters Figure 5 Effect of water qualities on copper release: (a) pH and (b) alkalinity † The large-scale pilot study was conducted over one year using aged pipe distribution systems which have been receiving conventionally treated ground water (G1) for decades. The iron concentration in the pilot distribution systems increased significantly when the blending ratio of RO and/or S1 waters increased. This observation was attributed to the difference in water characteristics among three principal source waters. Specifically the low alkalinity of RO and S1 waters were related to elevated iron concentrations in the distribution systems. † The corrosion pilot study showed that RO desalinated sea water presented potential for lead corrosion problem due to high chloride content, while coagulated surface water (S1) gave the lowest lead release because of high sulfate content. The low alkalinity RO water, however, did not cause significant copper release compared to G1 water. The copper concentration increased with increasing alkalinity and decreasing pH.
